A series of manganese-cerium mixed oxides were prepared by a glycothermal method, and the NO decomposition activities of the Ba-loaded Ce-Mn oxides were examined.
Introduction
Since the emission of nitrogen oxides (NO x ) causes severe environmental problems, effective methods to decrease NO x concentration in emissions have been sought.
Several practical NO x emission control technologies such as three-way catalysts for gasoline-fueled vehicles, NO x storage-reduction (NSR) systems for lean-burn engines, and selective catalytic reduction (SCR) processes for large-scale combustion facilities are now applied; however, there is still a great research interest for the development of novel and more efficient deNO x methods. Among various deNO x strategies, direct decomposition of NO (NO → 1/2O 2 + 1/2N 2 ) is most desirable to remove NO x from exhausts because this reaction is thermodynamically favorable and does not need any reductants such as NH 3 , H 2 , CO, or hydrocarbons.
A number of catalysts have been examined for this reaction, and several types of catalysts such as precious metals [1] [2] [3] [4] , ion-exchanged [5] [6] [7] [8] or metal-loaded [9] zeolites, single component metal oxides [6, 10, 11] , alkali-or alkaline earth-promoted metal oxides [12] [13] [14] , and perovskites [15] [16] [17] [18] [19] [20] have been found to be effective.
Experimental

Preparation of the catalysts
Cerium-manganese mixed oxides (designated as Ce-Mn(x), where x is the Mn/(Ce+Mn) molar ratio) were prepared by the glycothermal method. Appropriate amounts of Ce(CH 3 COO) 3 ·4H 2 O and Mn(CH 3 COO) 2 ·H 2 O were added to 100 ml of 1,4-butanediol, and the mixture was set in a 300 ml-autoclave. After replacement of the atmosphere in the autoclave with nitrogen, the mixture was heated to 300 °C at a rate of 2.3 °C/min and kept at that temperature for 2 h. After cooling, the resulting powder product was collected by centrifugation. They were washed with acetone, air-dried, and then calcined at 400 °C for 4 h in air.
Barium oxide was loaded on Ce-Mn(x) by an impregnation method using an aqueous solution of barium nitrate, followed by calcination at 800 °C for 1 h. The barium loading (as BaO) was adjusted to 7 wt% [34] . These catalysts were designated as BaO/Ce-Mn(x). The BaO-loaded CeO 2 (BaO/Ce-Mn(0)) and Mn 2 O 3 (BaO/Ce-Mn(1.0)) catalysts were prepared in the similar way.
Direct NO decomposition
Catalyst performance tests for NO decomposition were carried out in a fixed-bed flow reactor of quartz glass tubing with an inner diameter of 10 mm. The catalyst (0.50 g), after pressed into a pellet and pulverized into 10-22 mesh size, was placed in the reactor. The catalyst bed was heated to 550 °C in a helium flow and held at that temperature for 30 min. Then, the reaction gas composed of 6,000 ppm NO and helium balance was introduced to the catalyst bed at 30 ml/min (W/F = 1.0 g·s·ml -1 , SV ≈ 5,000 h -1 ). The reaction temperature was increased from 550 to 800 °C at 5 °C/min and kept for 15 min at every 50 °C interval to attain the stationary state. The effluent gas was Powder X-ray diffraction (XRD) patterns were recorded on a Shimadzu XD-D1 diffractometer using CuKα radiation and a carbon-monochromator. The crystallite size was calculated from the half-height width of the diffraction peak using the Scherrer equation.
The specific surface areas of the samples were calculated by the BET single-point method on the basis of the nitrogen uptake measured at 77 K using a Micromeritics Flowsorb II 2300 sorptograph.
Raman spectra were recorded on a Jobin-Yvon T64000 Raman spectrometer at room temperature using a 514.5 nm argon laser beam.
The reduction behavior of the catalyst was examined by temperature-programmed reduction with H 2 (H 2 -TPR) using a flow-type reactor. A portion (100 mg) of the sample was set in the reactor, and it was activated at 300 °C for 30 min in an Ar flow followed by cooling to room temperature. Then, 2 vol. % of H 2 with Ar balance was passed through the catalyst under atmospheric pressure with a flow rate of 30 ml/min. The catalyst was heated to 900 °C at a rate of 5 °C/min, while the amount of H 2 consumed was monitored with a thermal conductivity detector of a Shimadzu 4CPT gas chromatograph.
Electron spin resonance (ESR) spectra were recorded with a JES-SRE2X spectrometer (JEOL) at room temperature. The g-factor was determined by using an Mn 2+ marker doped in MgO.
X-Ray photoelectron spectroscopy (XPS) measurement was performed on an ULVAC-PHI Model 5500 spectrometer with 15 kV, 400 W MgKα emission as the X-ray source. The charging effect was corrected by adjusting the binding energy of the C 1s peak as 284.6 eV.
Results
NO decomposition activity of BaO/Ce-Mn(x)
The effect of the Mn/(Ce+Mn) ratio on the NO conversion at various temperatures is shown in Fig. 1 . The BaO/Ce-Mn(1.0) catalyst exhibited only quite low NO conversions (3% at 700 °C and 7% at 800 °C), whereas BaO/Ce-Mn(0) showed slightly higher NO conversions (7% at 700 °C and 18% at 800 °C). On the other hand, by the use of Ce-Mn mixed oxides as the supports, the catalysts attained significantly enhanced NO conversions. The highest NO decomposition activity was obtained at x = 0.25; 68% NO conversion to N 2 was attained at 800 °C. <Fig. 1> [35] [36] [37] , MnO was formed. Imamura et al. [38] reported that the addition of a small amount of cerium ions to manganese oxide remarkably affected its oxidation state.
Physical properties of Ce-Mn(x) and BaO/Ce-Mn(x)
The diffraction pattern of a physical mixture of CeO 2 (Ce-Mn(0)) and Mn 2 O 3 (Ce-Mn(1.0)) (mixed after calcination of both at 400 ºC) with the Mn/(Ce+Mn) ratio of 0.5 is also shown in Fig. 2a . As compared with the intensities of the peaks observed in this mixture, the intensities of the peaks due to Mn oxides in Ce-Mn(0.5) are apparently small ( Fig. 2e ), suggesting that the major part of the Mn species is highly dispersed in the Ce-Mn(x) samples. With increasing x, the intensities of the peaks due to the fluorite phase decreased and the peaks shifted toward the higher angle side. The latter result indicates that Mn ions are partly incorporated in the fluorite structure. The solubility limit of Mn ions in the CeO 2 lattice was reported to be 50% [31, 33] , which is consistent with the results shown in Fig. 2 .
<Fig. 2>
The XRD patterns of BaO/Ce-Mn(x) are shown in Fig. 3 . For the catalysts with higher (BaO/Ce-Mn(0)) exhibited small peaks due to BaCeO 3 (JCPDS #22-74), which was reported to be formed by calcination of mixtures of BaO and CeO 2 at >800 ºC [39, 40] .
However, this phase was not detected in the other BaO/Ce-Mn(x) samples. In Table 1 and ESR parameters of these samples are summarized in Table 2 . The isolated Mn 2+ ion gives six hyperfine lines with a g-factor around 2.0 with a hyperfine coupling constant, A, in a range of 8-10 mT. On the other hand, Mn 4+ gives a g-value lower than 2 with an A value around 7.6 mT, while Mn 3+ is ESR silent [41] . All the spectra shown in (Tables 3 and 4 ).
H 2 -TPR analysis of Ce-Mn(x) and BaO/Ce-Mn(x)
Figs. 5A and 5B show the H 2 -TPR profiles of Ce-Mn(x) and BaO/Ce-MnO(x) both calcined at 800 °C, together with that of a commercial Mn 2 O 3 sample ( Fig. 5B(a) ). The sample were observed at slightly lower temperatures ( Fig. 5A(a) ) than those observed for commercial Mn 2 O 3 . With decreasing the Mn content, the reduction peaks shifted to lower temperature side and peak area became small. The H 2 -TPR analyses of the Ce-Mn mixed-oxide system (calcined at 350-550 °C) have been done by some researchers [31, 45, 46] . They suggested that the reduction peak at a low temperature corresponded to the reduction of manganese oxide species (MnO 2 and/or Mn 2 O 3 ), while the high-temperature reduction peak was attributed to the combined reductions of 5A(e)) showed two reduction peaks at <600 °C and >800 ºC, and these peaks can be attributed to the surface and bulk reduction of CeO 2 particles, respectively [44] [45] [46] [47] [48] . With increasing the calcination temperature, the reduction peak at low temperature shifted to higher temperature side and the peak area decreased (Figs. 5A(e), (f), and (g)). The reduction temperature of the pure CeO 2 sample calcined at 800 ºC ( Fig. 5A(e) ) was much higher than those observed for the Ce-Mn(x) (x ≠ 0) samples, and the peak area for the former sample was negligibly small. From these results, the reduction peaks in the H 2 BaO/Ce-Mn(0.75) (Figs. 5A(b) and 5B(c)) showed that Ba loading caused a slight decrease in the intensity of the low-temperature peak. For both the series of the samples with lower Mn contents, the low-temperature peak vanished and a broad reduction peak was observed at around 300-400 °C. Two other significant changes were observed by decreasing the Mn content; the onset temperature of the reduction increased, and the peak area decreased significantly. These results suggest that the Mn ions in the samples with the Mn content lower than 0.5 are in a state different from those in the MnO x phases.
The amounts of hydrogen consumed in the TPR experiments are summarized in Table   3 . For Ce-Mn(1.0), the H 2 consumption was 6.18 mmol/g, which almost corresponds to the value calculated for the reduction of Mn 2 O 3 to MnO (6.31 mmol/g). For the sample with x of 0.75, H 2 consumption was 3.1 mmol/g. This value was 84% of the theoretical, indicating that 16% of the Mn species in the sample was present as Mn 2+ . With decreasing the Mn content, the proportion of Mn 2+ in the sample increased. A similar trend was also observed for the samples with Ba loading (Table 3) . Fig. 6 shows the XPS of the BaO/Ce-Mn(x) catalysts in the Mn 2p region. All the samples exhibited the Mn 2p 3/2 and Mn 2p 1/2 peaks at around 640.5 and 652.5 eV, with a shoulder peak at around 656.1 eV. The shoulder peak became significant with decreasing the Mn content and was attributed to the Ba(MNN) Auger peak [49] .
<Table 3>
XPS spectra of Ce-Mn(x) and BaO/Ce-Mn(x)
However, the XPS spectra of the reference samples of Mn 3 O 4 and MnO 2 exhibited the <Fig. 6> Table 4 shows the XPS results for the Ce-Mn(x) samples (without Ba) calcined at the proportions of Mn 2+ calculated from the XPS spectra are in reasonable agreement with the values calculated from the TPR profiles, and both results suggest that the Mn 2+ proportion in the Mn species increased with decreasing the Mn content as depicted in The Raman spectra of CeO 2 and BaO/Ce-Mn(x) catalysts both calcined at 800 °C are shown in Fig. 8A . The Raman peak due to CeO 2 was observed at 463.7 cm -1 . This result is consistent with the report that CeO 2 exhibits a characteristic Raman peak at 462-466 cm -1 due to the F 2g active mode [50, 51] . For the BaO/Ce-Mn(0) (BaO/CeO 2 ) ( Fig.   8A(g) ) sample, the Raman spectrum was similar to that of CeO 2 . However, for the Mn-containing samples (x > 0), the Raman peak was observed at ~456.6 cm -1 , a significantly lower wavenumber than that observed for the pure CeO 2 sample:
Broadening of the peak was also observed.
<Fig. 8>
The peak shift as well as the broadening of the peak was also observed for the Ce-Mn samples (without BaO) calcined at 400 °C (Fig. 8B) , indicating that the shift and broadening of the F 2g peak of CeO 2 were brought about by the incorporation of Mn ions in the CeO 2 matrix.
In addition to the peak due to CeO 2 , Ce-Mn(x) (x ≥ 0.5) calcined at 400 °C had a Raman peak at 648.5 cm −1 (Fig. 8B) , which was attributed to that of the Mn 5 O 8 phase detected by XRD. A relatively sharp peak at 262.2 cm −1 and other low-intensity peaks observed for the Ce-Mn(0.75) sample are also due to this phase [52, 53] . Since MnO [54, 55] and Mn 2 O 3 (Fig. 8C ) exhibit relatively weak Raman bands, these phases were not detected by the present Raman spectra. For BaO/Ce-Mn(x) (x > 0), a weak peak was observed at 653.3 cm -1 , which can be attributed to the Mn 3 O 4 phase (Mn 3 O 4 exhibited a peak at 654.8 cm −1 as shown in Fig. 8C ). This phase was not detected by the XRD analysis ( Fig. 3 ), suggesting that it was highly dispersed on the catalyst surface. The Ce-Mn(x) samples calcined at 800 °C (without Ba) exhibited a Raman peak at 652. Substitution of a part of Ce ions with Mn ions would cause the formation of oxygen vacancies straining the CeO 2 structure. For all the samples, broad Raman peaks were also observed at ~256 and ~582 cm -1 (Fig. 8A) , which are attributed to the defect space including an O 2vacancy [56] . However, the peak at ~582 cm -1 may overlap with the peak due to the Mn species, because the intensity of this peak increased with increasing the Mn content. Consequently, the Raman peak at ~256 cm -1 of the BaO/Ce-Mn(x) catalysts (shaded peak in Fig. 8A) is attributed exclusively to the oxygen vacancy. The intensity ratio of the peak at ~256 to that at ~456 cm -1 (denoted as I 256 /I 456 ) indicates the relative concentration of oxygen vacancies in the solid solution. For the Ce-Mn(x) samples with high x values, however, the I 256 /I 456 values could not be determined because the Raman peak at ~256 cm -1 partly overlapped with the peak at 262.2 cm -1 due to the Mn 5 O 8 phase.
Discussion
Since Mn 2+ has an ionic radius (96 pm [57] ) similar to that of the host Ce 4+ (114 pm [57] ), it can occupy the Ce 4+ sites by isomorphous substitution. However, Mn 3+ seems to occupy defect sites or surface sites of CeO 2 crystals, because it has a much smaller ionic radius (58 pm [57] ). When a Ce 4+ ion is substituted with a Mn 2+ ion, an oxygen vacancy is formed to maintain the charge balance, while Mn 3+ ions in defect or surface sites cause the disappearance of oxygen vacancies and/or formation of extra oxide ions.
When Ce-Mn(x) with a low x value was prepared, Mn 2+ ions selectively occupy the Ce 4+ sites. Substitution of Ce 4+ ion with Mn 2+ ions, causing the formation of oxygen vacancies, makes the lattice unstable; therefore, a limited concentration of Mn 2+ ions can be accommodated in the Ce 4+ sites of the CeO 2 lattice. Further increase in x value promotes the formation of Mn 3+ ions in defect or surface sites, and decreases the concentration of oxygen vacancies (Fig. 9 ). This scenario accords with the data (Table 1) . This is because an excess Mn content caused incorporation of a number of Mn 3+ ions in the defect sites of CeO 2 , which would expand the unit cell parameter. This effect compensates the lattice shrinkage effect of Mn 2+ ions incorporated in the Ce 4+ sites. Now the effect of Ba loading on the physical properties of the catalysts is discussed.
The following results were obtained: (1) Unit cell of the fluorite lattice was significantly expanded ( Table 1 ). (2) Ba loading decreased the concentration of oxygen vacancies caused by incorporation of Mn 2+ ions in the fluorite lattice ( Fig. 8). (3) Ba loading significantly decreased the ESR signals due to isolated Mn 2+ species (Fig. 4 ). (4) Ba loading facilitated the reduction of Mn 3+ species in the catalyst (Fig. 5 ). (5) When estimated from the H 2 -TPR profile (Table 3) , the Mn 2+ proportion in the Mn species was not altered by Ba loading (Although Table 4 shows that the Mn 2+ proportion increased by Ba loading, this result is caused by the difference in calcination temperature). (6) For the samples with low Mn contents, Mn concentration in the surface region increased by Ba loading (Table 4 ). These results suggest the following scenario. The Ba loading and subsequent calcination at 800 °C cause diffusion of a part of Ba ions into CeO 2 and accommodation of them in the interstitial sites of the fluorite lattice, which is supported by the significant increase in the lattice parameter ( Table 1) [3] ). However, the calculated TOF is only rough estimation, because Mn 3+ ions in defect or surface sites as well as Ba 2+ ions in the interstitial sites of the fluorite lattice decrease the concentration of oxygen vacancies.
In the previous work [34] , we examined the NO decomposition activities of Ce-Mn mixed oxides modified with alkali and alkaline earth elements and found that the NO decomposition activities of the catalysts are correlated well with their basic properties.
The addition of Ba to Ce-Mn mixed oxides produced considerably strong NO adsorption sites on the surface. It was reported that NO x species adsorbed on BaO have mobility (spillover) to other catalyst components [59, 60] sites associated with oxygen vacancies [61] . Incorporation of Mn 2+ in the fluorite structure of CeO 2 (x < 0.5) causes an increase in the concentration of oxygen vacancies, which play important roles to derive the NO decomposition activity. This argument is supported by the report that the oxygen vacancies in the catalysts played an important role in NO dissociation [11, [16] [17] [18] . (0)) calcined at 800 °C is also given in A. The Raman peak at 256 cm -1 due to the defect structure of CeO 2 is indicated by shade. 
Conclusions
